Abstract-Pulsewidth modulated (PWM) inverters have recently been found to be a major cause of motor bearing failures in inverter-motor drive systems. Specifically, all inverters generate common mode voltages relative to the earth ground. The voltages provide coupling or bearing currents through motor parasitic capacitances to the rotor iron which flow via the bearings to the grounded stator case.
I. INTRODUCTION ECENTLY, pulsewidth modulated (PWM) inverters have
R been found to be a major cause of motor bearing failures in inverter-motor drive systems [ 11- [3] . In principle, all inverters generate common mode voltages relative to the earth ground which provide coupling currents through the motor parasitic capacitances, to the rotor iron. As the coupling currepts find their way via the motor bearings back to the groujded stator case, they form the so-called bearing currents Tqe principle of bearing current generation can be illustrated using Fig. 1 . By taking the inverter negative dc bus, 0, as a reference for common mode voltages, the common mode voltage at motor phase A input terminal is VAO. The parasitic coupFg capacitances from the motor windings to the stator and tiotor irons are represented by C,, and C,,, respectively. Ther4 is also a capacitance C, present across the bearings P I , PI.
Paper IPCSD 96-30, approved Iby the Industrial Drives Committee of the IEEE industry Applications Society for presentation at the 1995 IEEE Industry Appliytions Society Annual Meeting, Lake Buena Vista, FL, October 8-12. Manuscript released for publication April 22, 1996. which mainly consists of the motor air gap capacitance. The bearings are approximated by a switch B which turns on and off randomly based on observation of electric behavior of motor rotating bearings [l] , [ 2 ] . A closed-loop parasitic coupling circuit is formed if the coupling capacitance from the negative dc bus to the earth is also recognized. This capacitance is represented by an impedance Z,, which will be treated as the internal impedance of the common mode voltage source VAO. Based on the above circuit, a bearing current Ibrg is easily identified as the total current flowing into all Cwr's and then via bearing model B back to the grounded stator. Similarly, for phases B and C , common mode voltages V'O and V& also contribute to the bearing current.
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The distributed parameter circuit in Fig. 1 is, however, not suitable for a simplified analysis of the bearing currents. Equivalent lumped parameter circuit models are developed in this paper to describe the parasitic coupling phenomenon. In principle, the parasitic coupling circuits are the same as transmission line circuits. Based on transmission line theory, a distributed parameter circuit can be modeled by an equivalent lumped parameter n--network which gives the same input and output relationship. The method is applied to give a model of coupling from motor windings to stator irons-the motor grounding current model, and a model of coupling from motor windings to the rotor irons-the bearing current model. The model parameters are then identified by matching the calculated model outputs with those of experimental measurement. The validation of the modeling is demonstrated by the fact that the models can reproduce a variety of experimental results obtained on the test motor. Therefore, the proposed models can be used to analyze the effect of bearing currents and facilitate the determination of solutions to suppress these currents. As the motor grounding current is a major source of conducted electromagnetic interference (EMI) in inverter-motor systems, the motor grounding current model can thus be applied to the analysis of conducted EM1 in motor-drive systems.
COMMON MODE EXCITATION AND RESPONSE
For a balanced three-phase inverter-load system shown in ) It is interesting to notice that the three-phase balanced impedance 2 does not appear in (4) and (5). This implies that the common mode circuit can be decoupled from the differential mode circuit in a balanced three-phase system. Since only the zero sequence impedance of the three-phase load 2 is common to all three phases, it is reasonable that 20, instead of 2, will appear in the common mode equations (4) and (5).
As the common mode voltage VN and common mode current i~ are the only physically meaningful common mode outputs in the system, a model of common mode excitation can be readily obtained based on (4) and (5). By defining an equivalent common mode voltage input (6) the common mode model can be simply represented by Fig. 3 .
MODELING OF COUPLING FROM WINDINGS TO STATOR-MOTOR GROUNDING CURRENTS
The coupling between the motor windings and the rotor is much less than the coupling between the same windings and the stator. The modeling will use this fact and only consider the coupling between the windings and the stator. A distributed circuit model of coupling between the stator windings and the stator can be represented by Fig. 4 . In Fig. 4 , Z denotes the impedance per unit length of motor phase windings, and Z, , the per unit length windings to stator parasitic coupling impedance which is mainly capacitive. Due to symmetric design of motor structures, a uniform distribution of parasitic coupling impedances is assumed. This assumption will apply to parasitic couplings from the windings to both the stator and the rotor.
Theoretically, the circuit represents a three-phase transmission line with one of its terminations shorted as the winding neutral N . As is treated in transmission line theory, if only the input and output characteristics are of interest, an equivalent 7r-network can be used to describe the input and output relationship. In other words, for each phase, the distributed parameter circuit can be replaced by an equivalent 7r-network. By adding all three parallel connected neutral to ground impedances, an equivalent lumped parameter circuit model is obtained as shown in Fig. 5 . In this model, VNis the voltage of motor neutral point and I,, is the total coupling current from the windings to the stator. All parameters in the model are to be determined which are functions of 2 and Zws.
Based on the derivation in Section 11, a simplified model of common mode excitation can be drawn as shown in Fig. 6 where Lo, CO, and R, are the zero sequence components contained in L,, C,, and R, of current IWS is primarily determined by Zwsl, while the motor winding neutral point voltage is governed by ZWSN.
Iv. MODELING OF COUPLING FROM WINDINGS TO ROTOR-BEARING CURRENT MODEL
Bearing currents are only related to the common mode coupling between the windings and the rotor and are not represented in the circuit of Fig. 6 . However, as both coupling currents to rotor and stator share the same path of the stator windings and the stator coupling currents are significant, the influence of stator coupling currents to the bearing current model should be taken into account.
In spite of the above statement, let us first ignore for the moment the flow of stator coupling currents in the windings.
Similar to Section 111, the same distributed parameter circuit model of motor windings as shown in Fig. 4 can also be used to describe the coupling from the same windings to the rotor except that Z,, has to be replaced by ZWr. Also, in terms of input and output relationship, the rotor coupling circuit can be represented by an equivalent lumped r-network. A rotor Fig. 7 .
-- the negative dc bus (as voltage reference) which forces the equivalent common mode voltage internal impedance to equal zero. In this configuration, an experimental measurement of the neutral point voltage and grounding cable current (neglecting the contribution of bearing currents) waveforms are shown in Fig. 1 l(a) . With the parameters listed in Table I , the calculation results based on the stator coupling model of Fig. 6 are plotted in Fig. ll(b) . By comparing Fig. ll(a) and (b) , it is seen that the waveforms are almost identical. Therefore, it is apparent that the parameters can be identified satisfactorily in this manner.
Similar system identification procedures have been performed to determine the parameters of the bearing current model. The identification is based on the experimental measurement of responses of bearing voltages Vbrg and currents Ibrg to the common mode excitation. For a step input of common mode voltage V,,, a plot of the experimental measured bearing voltage Vbrg is shown in Fig. 12(a) . As the bearing voltage is seen to charge up during each inverter switching, it is apparent that switch B in the bearing model must be open.
Therefore, based on the waveforms and the corresponding circuit model, parameters L', C', R', and C, can be identified. Fig. 12(b) shows a simulated response based on the model of Fig. 9 and the identified parameters listed in Table 11 . The identification of LB and RB is based on Fig. 13(a) which shows a current spike produced by the discharge of the airgap capacitor C, after switch B is closed. Based on the identified parameters in Tables I and 11 , simulations have been performed to compare with numerous other experimental results. Fig. 14 shows one of the important results. In Fig. 14, the motor neutral point voltage is seen to increase step by step which corresponds to similar stepup in common mode voltage excitation xn caused by PWM switching in the inverter. The bearing or shaft voltage Vbrg follows the pattern of the motor neutral point voltage. This behavior is due to the capacitor divider effect of C, and CWr's. The measured bearing current during the shaft voltage charge-up is seen to be almost zero due to high impedance inside the bearings. However, an abrupt voltage drop in bearing voltage accompanied by a large bearing current spike is observed which is actually caused by the sudden short circuit behavior inside the bearings. After bearings become short-circuited, some dvldt related bearing currents begin to appear. By comparing the experimental measurement with the simulation traces in Fig. 14 , it is seen that the results are almost identical except the difference in bearing voltage ringing during the transient which is believed to be caused mainly by instrumentation error. Therefore, the bearing current and motor grounding current models are clearly able to properly ON INDUSTRY APPLICATIONS, VOL. 32, NO. 6, NOVEMBEFUDECEMBER 1996 describe the bearing current and grounding current phenomena in inverter drives.
VI. CONCLUSION
This paper briefly discusses the mechanism of bearing current generated by PWM inverters which is related to the common mode voltages and parasitic capacitive couplings. Equivalent lumped parameter circuit models have been derived to describe the coupling from the windings to the stator and the rotor, respectively. Simulation is then performed to identify the model parameters by matching the simulated results with those of experimental measurement. The bearing current model and stator coupling model are shown to be able to predict the motor bearing currents and the grounding currents, respectively. Comparison of the predicted results with experimental measurements on a specially equipped motor shows good agreement. The bearing current model should prove useful for understanding of the phenomenon and for assisting in the determination of a feasible solution to the problem. The motor grounding current model can also be applied to the analysis of conducted EM1 generation in motorinverter systems.
